We have studied the effect of the free-hole injection on the ferromagnetic coupling in the Mn/ GaAs digital ferromagnetic heterostructure ͑DFH͒ using ab initio electronic-structure methods. The DFH is modeled by a supercell periodically consisting of a ␦-doped layer of MnAs and 15 layers of GaAs.
Since it is crucial to have spintronic devices operating at or above room temperature, how to increase the ferromagnetic coupling between the magnetic atoms in a sample has recently attracted much attention. In the Mn dilute doped in GaAs, the Curie temperature T C can be raised by increasing the Mn concentration. However, it is limited to be 5%-7%, 1 because the hole concentration will be saturated by the compensation of Mn acceptors due to the defects of the As antisites and Mn interstitials. 2 Postgrowth annealing 3 has been used to increase the Curie temperature to about 150 K. Recently, the concept of increasing the hole concentration by the p-type codoping has been adopted by several groups [4] [5] [6] to enhance the ferromagnetic coupling in materials. By injecting free holes into the Mn layer through the twodimensional hole gas from p-type AlGaAs layers, Nazmul et al. 7 achieved remarkably high T C up to 250 K in the Mn ␦-doped in GaAs, digital ferromagnetic heterostructure ͑Mn/ GaAs-DFH͒. They suggested the mechanism of the spin-polarized holes mediating the magnetic coupling between the Mn atoms so that they can tune the ferromagnetic ordering by controlling the hole concentration. Theoretically, the Mn/ GaAs-DFH is predicted to be a half-metal, 8 which has 100% spin polarization at the Fermi energy, E F . Therefore, the experimental results are extremely encouraging in showing that there is a possibility to increase T C for this material even though the half-metallicity may dismish somewhat. In this paper, we report our results of simulations using a first-principles method and an ideal model DFH consisting of a ␦ layer of Mn in GaAs, and confirm that the free-hole injection, in fact, enhances the ferromagnetic coupling in the Mn layer, thus can increase T C .
The total energy and electronic-structure calculations have been performed using the pseudopotential plane-wave method based on density functional theory 9 within the generalized gradient approximation ͑GGA͒. 10 We used the VASP program 11 for our spin-polarized calculations in which the ultrasoft pseudopotential are used for Mn, Ga, and As atoms with their normal valence electron configurations. These pseudopotentials are well tested. 12 of GaAs in the z direction. The z direction of the supercell is coincided with a cubic ͓001͔ axis while the x and y axes are along the ͓110͔ and ͓110͔ directions of the face-centered cubic structure. The lattice constant is taken as a 0 / ͱ 2, where a 0 = 5.722 Å is the optimized lattice constant of the host semiconductor GaAs. Since the ionic relaxation effect will not alter our conclusions about the features of our study on this DFH, in the following, we focus our analysis on the unrelaxed systems. The injection of free holes are modeled by subtracting the electrons from the total number of electrons of the DFH and incorporating a uniform compensating background to maintain the charge neutrality of the supercell.
To investigate the enhancement of the magnetic coupling by the free-hole injection, we carried out total energy calculations for ferromagnetic and antiferromagnetic phases with and without the free holes injection. The difference of the total energies E FA between ferromagnetic and antiferromagnetic order is used to characterize the ferromagnetic coupling in the Mn layer.
The total and partial densities of states ͑PDOS͒ for the majority-and minority-spin channels are given in Fig. 2 . The PDOSs show projections onto the Mn, the nearest neighboring As and Ga. For the majority spin channel, we find a finite density of states at E F , as shown in the top panel. In the second and third panels, the antibonding states in a 2.8 eV range around E F from ϳ−1.8 to + 1.0 eV show strong hy bridization between Mn-t 2g and As-p states. The bonding states centered at ϳ3.2 eV below E F also exhibit strong Mn-t 2g − As-p character. The nonbonding Mn-e g states are located at ϳ2.5 eV below E F , having a width of about 1.0 eV. The conduction states at ϳ1.0 eV above E F and higher are contributed mainly by the As atoms. For the minority spin channel, a semiconducting gap of ϳ0.42 eV is opened between the valence and conduction bands. The valence states have mainly also the Mn-t 2g − As-p character and are located at ϳ1.5 eV below E F . The conduction states originate from both the antibonding p-t 2g hybrid states and nonbonding e g states of the Mn, leading to a peak at ϳ1.0 eV. The states coming from the Ga atoms are nearly nonspin-polarized. The results show that the interaction of a Mn atom is confined primarily to its nearest-neighbor As atoms and exhibits a two-dimensional feature.
The band structures of the model Mn/ GaAs-DFH with 0.25 free-hole injection are presented in Figs. 3͑a͒ and 3͑b͒ . Without injection, the half-metallic properties of the DFH are well manifested by the majority spin states intersected by the E F , while the minority spin states exhibiting the semiconducting behavior. The metallic states at the E F are originated from the d states of the Mn atoms hybridizing with their nearest neighbor As p states. Because the periodic supercell is used, the hole states form bands. They are indicated by 1, 2, and 3 in Fig. 3͑a͒ . After injecting 0.25 free holes per Mn, the Fermi energy is lowered by 0.11 eV. The injection results in two parts of additional holes in system. One part is distributed in the host semiconductor GaAs, another part is located in the ␦-doped layer of MnAs, which is fully spin polarized and should contribute to the enhancement of ferromagnetic coupling in the Mn layer. On the other hand, the Fermi energy is below the valence band maximum of the host semiconductor GaAs and the half-metallicity is slightly destroyed.
We now turn the discussions to the Fermi surfaces and begin with the case without the free-hole injection. Around the ⌫ point, there are three bands intersected by the E F . The Fermi surfaces of these three bands are given by the dotted lines in Fig. 3͑c͒ . There are two closed Fermi surface and one open Fermi surfaces with the states at the ⌫-point unoccupied. It is in this sense, we call the Fermi surfaces as the hole surfaces. When the DFH is injected by free holes, the hole surfaces expand as determined from the self-consistent electronic calculations for the hole concentration increased from 0 to 0.25 free holes per Mn. For the injection of 0.25 free holes per Mn, the expanded hole surfaces are shown by the solid lines in Fig. 3͑c͒ . The shape of hole surfaces are almost not changed.
We determined the ferromagnetic coupling between the Mn atoms as a function of the free-hole injection. The E FA is shown in Fig. 4 and exhibits a monotonic increasing behavior as the hole concentration increases. The result suggests the enhancement of the ferromagnetic coupling between the Mn atoms in the ␦-doped layer and agrees with the experimental results. 7 The additional holes in the Mn and the nearest neighboring As atomic sites are also shown in Fig. 4 . At the beginning of free-hole injection, the efficiency is almost 100% to induce the spin-polarized holes in the layer of MnAs. After the Fermi energy is lowered to touch the valence band maximum of host semiconductor, the injected free holes are distributed in both the host semiconductor and the layer of MnAs. The injection of 0.25 free holes gives 0.1 spin-polarized holes in the layer of MnAs and the efficiency is about 40%. These results demonstrate clearly that the holemediated mechanism enhances the ferromagnetic coupling between the Mn atoms.
In summary, we examine the effect of free-hole injection on the ferromagnetic coupling in a Mn/ GaAs DFH by firstprinciples calculations. For the DFH without injection, it is a half-metal with the Fermi surfaces composed of three sheets. The injection of free holes expands the hole Fermi surafces and increase the hole concentration in the layer of MnAs. The enhancement of the ferromagnetic coupling between the Mn atoms by the free-hole injection is consistent with the experimental finding. These results also confirm the free-hole mediated mechanism for the magnetic coupling in a Mn/ GaAs DFH.
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